Summary. Peroxidative damage induced by reactive oxygen species (ROS) has been proposed as one of the major causes of defective sperm function. In previous studies of the production of ROS in semen, the contribution of contaminating leucocytes was not assessed. We determined the levels of ROS in 60 semen samples from men attending our infertility clinic and demonstrated by performing extraction experiments with antibody-coated magnetic beads that, within this unselected population of patients, leucocytes were the major source of ROS in the low-density Percoll fraction. Of the sperm motion parameters examined using computerized semen analysis, beat-cross frequency was the only one significantly affected by the ROS in semen.
Introduction
High production of reactive oxygen species (ROS) in some ejaculates has been associated with defective sperm function ( Aitken & Clarkson, 1987; Aitken et ai, 1989b) as it causes peroxidation of the polyunsaturated fatty acid content of the sperm plasma membrane (Jones et ai, 1979) . The result of this biochemical defect is that sperm cannot undergo the acrosome reaction and fuse with the oocyte (Aitken et ai, 1989a) , possibly owing to a loss of membrane fluidity (Ohyashiki et al., 1988) . There are two potential sources of ROS in semen: spermatozoa and leucocytes (macrophages and neutrophils). Although the mechanism of ROS production by sperm has been extensively studied, the contribution of leucocytes to the seminal ROS has not been fully assessed. This is important because leucocytes, especially macrophages and neutrophils, are always present in semen (Barrati et ai, 1990a) .
The main function of these leucocyte populations is phagocytosis (Smith et al., 1990) , a process associated with the production of ROS (Babior, 1978) . From previous studies it appears that the sperm and leucocyte ROS-producing mechanisms involve similar pathways, i.e. a dependence on NADPH generated through the hexose monophosphate shunt (Aitken & Ford, 1988) , stimulation by phorbol esters and calcium ionophore (Aitken & Clarkson, 1987) . As pointed out by the first study that considered the potential of leucocytes to produce ROS (Aitken & West, 1990) , it is difficult to ascertain the relative contribution of spermatozoa and leucocytes to the ROS detected in semen. This could be achieved only if'leucocyte extraction experiments' are performed from sperm preparations in which the concentrations of ROS are measured before and after the removal of the leucocyte population (Barratt et al., 1990a; Aitken & West, 1990) .
We used antibody-coated magnetic beads to extract leucocytes from semen samples fractionated on discontinuous Percoli gradients to determine the source of reactive oxygen species in semen. In the course of the experiments a simple chemiluminescent assay was used to follow the production of reactive oxygen species in the fractions that were generated from a double-step Percoli gradient (Aitken et al., 1989a) . The chemiluminescent signals were recorded in the leucocyte-rich fraction before and after the extraction of the leucocytes with immunomagnetic beads. Monoclonal anti¬ body (mAb) staining was used to detect seminal leucocytes (Tomlinson et al., 1990) . Quantitative motility analysis was used to evaluate any effect of ROS on sperm function, as this technique has been shown to indicate the fertilizing capacity of human sperm in a donor insemination (DI) programme (Irvine & Aitken, 1986; Holt et al., 1989 (Barratt et ai, 1988 (Biggers el ai, 1971) . Each gradient con¬ sisted of 3 ml 40% Percoli loaded on top of 3 ml 80% Percoli (Sigma, Dorset, UK) in a 15 ml conical sterile centrifuge tube. A sufficient volume of semen ( > 1 ml) was layered on top of the gradient.
The gradients were centrifuged at 500 g for 20 min and the seminal plasma was then removed and two cellular layers from the40-80% interphase and the 80% base were collected. These cellular layers weresubsequently washed with Earle's BSA at 500g for 5 min and resuspended with Earle's BSA to a concentration of 10 IO6 spermatozoa ml '. The cellular layers were also analysed using quantitative motility analysis.
Reactive oxygen species production was determined according to Aitken el ai (1987) (Wolff pi ai, 1990 ) was used to detect leucocytes and their subsets in semen (Table 2) . (Cohen, 1971 ). Numbers of leucocytes in the Percoli fractions were expressed per 10 IO6 spermatozoa.
Statistical analysis
The data were normalized using logarithmic transformations and nonparametric tests (Mann-Whitney and Wilcoxon signed rank test) were performed. The relationship between different parameters was determined using linear regression analysis. All the tests were performed using the Statistical Package for the Social Sciences (SPSS) on an IBM-compatible personal computer.
Results
The semen characteristics obtained for the unfractionated samples and the Percoll-generated fractions are shown in Tables 3 and 4 respectively. Chemiluminescent determination of the basal ROS levels in the Percoll-generated fractions revealed a wide range of time-dependent activity with a significant difference (P < 0-0001) between the low (40-80%) and high (80%) density fractions (Fig. 1) . The identification of seminal leucocytes with monoclonal antibodies and the APAAP staining method in combination with the fixed volume preparations were extremely reliable (CV < 10%). A large variation in the number of leucocytes per ml of semen (median 13 000, range 400-2 710 000) was detected with only two samples exhibiting > 1 IO6 leucocytes. The predominant leucocyte type, the neutrophil, was detected in almost every sample and accounted for 81% of the total leucocyte counts. Cells of the monocyte-macrophage series accounted for 16% of the total leucocyte numbers whereas and lymphocytes were rarely detected and then only in small numbers.
In terms of leucocyte concentrations there was a highly significant difference (P < 00001) between the low and high density Percoli fractions. The median leucocyte number per 10 IO6 spermatozoa in the 40-80% Percoli fraction was 4221 (range 0-326 333) while in the 80% fraction it was 143 (range 0-55 000).
Extraction experiments with magnetic antibody-coated beads were performed from the leucocyte-rich Percoli fraction (40/80%) for 25 out of the 60 samples as the volume of the sample was limiting. The integrated response in the ROS assay from the leucocyte fraction for a 10 min period was higher (P < 0001) than that from the 'sperm' fraction and accounted for 65% (median and range 50-76%) of the overall response. There was negligible sperm contamination of the leucocyte fraction. The average recovery of leucocytes from the 40-80% Percoli fraction with the beads was 88% (range 75-97%). Linear regression analysis, which was performed after appropriate logarithmic transformations (log x, log (1 + x)) of both the chemiluminescent response and the leucocyte numbers in the 40-80% Percoli fractions, revealed that there was a strong correlation between ROS levels and leucocyte numbers (r = 0-65, < 0001) (Fig. 2) . Of the motility parameters analysed only beat-cross frequency was significantly negatively correlated with ROS levels (r = -0-48, < 0001) (Table 3 ). There was no significant correlation between sperm morphology and ROS (Table 3) .
There was no significant difference in any of the parameters or the ROS between oligozoospermic semen (<20 IO6 sperm ml-'), which comprised the semen of 15% of the population of patients, and normal-density semen.
Discussion
In this study we examined the contribution of seminal leucocytes to the levels of reactive oxygen species detected in semen using a novel method to extract leucocytes from sperm preparations. (Barratt et al., 1990b) .
The data we obtained using an accurate and reliable method to identify seminal leucocytes demonstrate that a leucocyte contamination of a semen sample of less than 1 106ml~' or even less than 1% (median contamination in 40-80% Percoli fraction 004%, range 0-3-26%) can be effective in producing ROS. Our observations are in accordance with previous in vitro experiments that showed that leucocytes are more copious producers of ROS than are sperm as they can produce at least 100 times more ROS than spermatozoa (Ford, 1990) .
We observed little negative correlation between ROS and motility parameters. This poor corre¬ lation might not be surprising as in a previous study Aitken et al. (1989a) showed that, although low levels of induced peroxidation prevented sperm penetration of zona-free hamster eggs, sperm motility was not affected. It therefore appears that motility analysis is not an adequate predictor of sperm function (Tomlinson et al., 1990) and should be performed in conjunction with more sophisticated tests such as zona-binding and induction of acrosome reaction.
Our findings that leucocytes are the main source of ROS in semen are important in view of the well-documented antioxidant effects of the seminal plasma. The synergistic action of ROSscavenging mechanisms in seminal plasma can protect spermatozoa when ROS production is not excessive (Jones et al., 1979; Alvarez & Storey, 1989; Jeulin et ai, 1989; Bouvet et al., 1990) . Furthermore ROS have a very short half life and they would be rapidly degraded (Lunec, 1989) .
The effectiveness of these 'extraspermatozoal' ROS on sperm function might depend on the time of contact of leucocytes with spermatozoa which makes the issue of their origin important and the need for human studies imperative (Barratt et al., 1990a) .
Nevertheless in cases where the leucocyte-derived ROS affect the functional ability of the spermatozoa either because the seminal plasma protective mechanisms are overwhelmed or depleted, in vitro or in vivo therapy with antioxidants should be considered (Aitken, 1989) .
We suggest that careful identification and evaluation of leucocyte numbers and determination of spermatozoal and seminal plasma protective mechanisms should be performed in future experiments that investigate the effect of ROS on sperm function.
